Dielectronic recombination (DR) is the dominant recombination process for most heavy elements in photoionized clouds. Accurate DR rates for a species can be predicted when the positions of autoionizing states are known. Unfortunately such data are not available for most third and higher-row elements. This introduces an uncertainty that is especially acute for photoionized clouds, where the low temperatures mean that DR occurs energetically through very low-lying autoionizing states. This paper discusses S 2+ → S + DR, the process that is largely responsible for establishing the [S III]/[S II] ratio in nebulae. We derive an empirical rate coefficient using a novel method for secondrow ions, which do have accurate data. Photoionization models are used to reproduce the
Theoretical predictions of cross sections and rate coefficients provide the vast majority of the data now used. There are, however, still significant gaps in the database. Given the amount of effort that has been expended in the past it is inevitable that today's outstanding needs are also the most challenging ones. Dielectronic recombination (DR), the subject of this paper, is usually the dominant recombination process for heavy elements in photoionized nebulae. The graduate text Osterbrock & Ferland (2006) gives an overall introduction to the physics of photoionized clouds, while Ferland & Savin (2001) , Ferland (2003) , Savin et al. (2012) , and Badnell et al. (2003) review the data needs and the DR process. Nikolić et al. (2013) show how zero-density total DR rate coefficients can be modified to take account of its suppression at finite densities. Ferland (2003) identifies DR and charge exchange as the two most uncertain processes affecting the spectroscopy of photoionized clouds. Here we consider the rates for S 2+ →S + radiative and dielectronic recombination.
Low-temperature DR occurs through low-lying autoionizing resonances (Nussbaumer & Storey 1983) and is particularly sensitive to their position via the exponent of the Maxwellian distribution. However, it is inherently difficult to calculate their energy position relative to threshold accurately enough and, indeed, whether they reside above or below threshold in the first place. As a result of this "threshold straddling" effect, ab initio theory cannot predict the near threshold DR resonance strength precisely enough and, ideally, theoretical efforts should be guided by experimentally observed positions of autoionizing states in order to produce accurate DR rate coefficients at all temperatures (Schippers et al. 2004 ). This is especially important for photoionized clouds because the gas kinetic temperature is low and so the rate is strongly affected by the position of any such low-lying resonances. Such experimental energies are not available for S + so uncertainties in the positions of the resonances are a source of error, although estimates have been made (Badnell 1991; Nahar 1995) . Although these uncertainties are widely understood, we know of no calculations which demonstrate them in detail. We present such calculations in Section 3 below.
Simulations of nebulae can be used to infer the existence of overlooked processes, and estimate rates for dominant reactions. For example, Pequignot et al. (1978) inferred the existence of fast charge-exchange reactions between atomic hydrogen and doubly ionized oxygen from models of a planetary nebula. In the next section we use the Baldwin et al. (1991) model of the Orion Nebula, together with today's advanced stellar atmosphere spectral energy distributions (SEDs) and atomic data, to derive an improved photoionization model. We reproduce the observed [ 
O I], [O II], [O III]
, and [Ne III] spectra, produced by ions for which accurate atomic data is available, and derive an empirical S 2+ →S + DR rate coefficient at T ∼ 10 4 K. Section 3 presents new calculations of the S 2+ → S + radiative and dielectronic recombination rate coefficients, examines the sensitivity of the DR rate coefficient to the detailed atomic structure, obtains a theoretical rate coefficient which agrees with the empirical rate coefficient at 10 4 K, and investigates its uncertainty over a broader temperature range. This bootstrap approach can be used to derive DR rate coefficients for other species using observations of [O I] 
Improved atomic and grain physics
We use the most recent stellar SEDs and atomic data, as described below. The BFM model, and differences between today's assumptions and those used in 1991, are described here. We use version 13.03 of Cloudy, last described by Ferland et al. (2013) . This has a nearly complete revision of the atomic database in the 20+ years since BFM was completed. Some details are given in Ferland et al. (1998) and Ferland et al. (2013) . Nearly all aspects of the database have changed, but improvements in the physics of dielectronic recombination have been substantial, as outlined below.
BFM included a self-consistent treatment of grains, including gas heating by photoejection of electrons, grain heating by both the stellar continuum and internally generated radiation, and collisions between grains and the surrounding plasma. The grain emission was predicted and found to be in good agreement with observations, showing that most of the warm dust emission originates in the H + region. Our grain treatment has been updated, as described in van Hoof et al. (2004) and Ferland et al. (2013) . As discussed in the first reference, these changes predict less photoelectric heating than was found with the older theory used by BFM. In our current calculation each grain population is resolved into ten sized bins. Two grain types, an astronomical silicate and graphitic material, are included. The size distribution is altered as described by BFM to reproduce the relatively grey opacities observed in Orion.
Geometry
The BFM model was of a hydrostatic plane-parallel layer on the surface of the background molecular cloud. The ionized gas was assumed to be in hydrostatic equilibrium (termed "constant pressure" in that paper, since all forces balanced) with the outward momentum of the absorbed stellar continuum being balanced by the sum of gas and line radiation pressure. We also assume hydrostatic equilibrium here. A detailed model of the geometry of the H II region was derived by Wen & O'Dell (1995) .
BFM worked in terms of the flux of ionizing photons striking the plane-parallel layer, using Cloudy in its so-called "intensity case", in which only the flux of photons is specified. The distance of the stars can be derived from this flux and an assumed calibration of the O-star luminosity function. We adopt the stellar parameters and SED described below, which are significantly different from those assumed in BFM, and reflect advances in our understanding of O stars. For these parameters, the physical separation between the Trapezium stars and the illuminated face of the H + layer (3.15× 10 17 cm) is not large compared with the thickness of the layer (6 × 10 16 cm) so the stellar radiation field will suffer some spherical dilution as it passes across the layer. This is taken into account by using Cloudy's "luminosity case", in which the stellar luminosity and star-cloud separation are specified. This affects the intensities of low-ionization lines.
Stellar SED
The use of modern stellar SEDs is the largest source of differences between the calculations presented here and those of BFM. The SED of the central star cluster is fundamental because it is the source of heating and ionization in the H + layer. BFM used the Kurucz (1979) plane parallel LTE SEDs, the most extensive grids of stellar atmosphere calculations available at that time. These are now known to produce too soft a radiation field (Sellmaier et al. 1996) . Several modern stellar atmosphere grids, including TLUSTY (Lanz & Hubeny 2003) and WMBasic (Pauldrach et al. 2001) , are now available. These are thought to give a better representation of the SED at ionizing energies We adopted the WMBasic grid of SEDs. These include NLTE and the effects of mass loss and winds (Pauldrach et al. 1998 ). All are important in OB stars. Simón-Díaz & Stasińska (2008) compare various SEDs and find that WMBasic reproduces the ionization of H II regions, and that it is preferred above 35 eV for supergiants with effective temperatures ∼ 40 kK, which have parameters similar to the stars in Orion. 
Final model parameters
Wagle et al (in preparation) describe the updated Orion Nebula model in detail. Most aspects of the improved model are similar to BFM. Table 1 summarizes model parameters. The first entry gives the temperature of θ 1 Ori C, the brightest star in the Trapezium cluster. The flux of hydrogen-ionizing photons striking the nebula is denoted by φ(H). The abundances for the interstellar medium (ISM) described in Jenkins (2009) were used as a reference. The abundances are similar, as expected for a newly formed H II region. Table 2 gives some predictions, derived using the DR rate coefficients determined below. Most lines are well fitted by the model. The Table  also Figure 1 suggests that oxygen / neon spectra can be used to infer rates for S 2+ →S + recombination. Second-row elements have relatively complete spectroscopic data, accurate recombination rate coefficients, and are readily available (e.g. http://amdpp.phys.strath.ac.uk/tamoc/DR/). The observed oxygen ions are produced by the stellar SED between 13.5 eV and 54 eV, while [Ne III] is produced by photons between 40 eV and 54 eV. The relative distribution of these four ions depends on the shape of the stellar SED ( Figure 1 ) and on the intensity of ionizing radiation striking the layer, as described in the text Osterbrock & Ferland (2006) .
The problem is overdetermined -we have two variables and three ionization ratios, counting only second-row ions with good atomic data. This would guarantee that the [S III] / [S II] ratio is properly reproduced since, as shown by Figure 1 , the S ions lie within the range covered by the O and Ne ions. In effect, the S ionization interpolates on the observed and reproduced O & Ne ionization. The S DR rate is poorly constrained, but the O and Ne ions, with their good recombination rates, can be used to bootstrap one. The total S 2+ →S + recombination rate is the sum of a well-determined radiative recombination (RR) rate, an uncertain dielectronic recombination rate, and possibly charge exchange (CX) recombination. Kingdon & Ferland (1996) find that S 2+ →S + CX does not have an open channel so most likely occurs by very slow radiative CX, with a rate coefficient ∼ 10 −17 cm 3 s −1 . We adopt the RR rate coefficient given below, which is in good agreement with that found by Aldrovandi & Pequignot (1973) . We adjusted the DR rate coefficient to reproduce the observed ratio of ratios to make Figure 2 . The resulting best-fit DR rate coefficient is 3 × 10 −12 cm 3 s −1 ± 0.2 dex at 10 4 K, which we refer to as our empirical value. This kinetic temperature is measured using ratios of [O III] forbidden lines, as outlined in Chapter 5 of Osterbrock & Ferland (2006) . In this way the well-understood atomic physics of O and Ne can be used to bootstrap a rate for species lacking the required spectroscopic data.
We experimented with other SEDs during the course of this work. We initially used the TLUSTY grid, which is somewhat harder than Atlas but softer than WMBasic (Figure 1 ). We were able to reproduce the oxygen spectrum using TLUSTY, and simultaneously, the S 2+ −S + balance, with a DR rate of 6 × 10 −12 cm 3 s −1 . However, a neon abundance significantly above the cosmic value was needed to offset the softness of the SED, the same problem that forced a high neon abundance in BFM. We prefer to take the neon abundance as a prior, which then drives the selection of the SED and the DR rate.
We adopt the solar Ne/H ratio recommended by Asplund et al. (2009) . This is based on spectroscopic observations of nearby B stars and should reflect the composition of the local ISM. Ne is an inert gas and so should not form chemical compounds which then form grains, so its depletion should be low. The gas-phase neon abundance of the Orion H II region should be close to the values obtained from early-type stars.
Having obtained a best fit DR rate coefficient we can then vary it to quantify how the line spectrum depends on it. Strong forbidden lines arising from low-lying levels are predominantly formed by impact excitation with thermal electrons. Because of this, changes in the DR rate change the spectrum mainly through changes in the fraction of S that is doubly ionized. This is shown in Figure 3 . The main effect of increasing the DR rate coefficient is to increase the intensity of the [S II] lines. S 2+ is the dominant stage of ionization in the H + region, with only ∼ 3% of S being singly ionized (BFM). Increasing the DR rate increases the fraction of S + significantly while having a more modest effect on the S 2+ fraction. The O lines are hardly affected by changes in the S DR rate. There are small changes in [O II] intensities caused by changes in the gas kinetic temperature as a result of the changing intensities of the [S II] lines.
Figure 3 also shows other estimates of the DR rate coefficient. Nahar (1995) gives the sum of the RR and DR rate coefficients. We subtracted the Aldrovandi & Pequignot (1973) RR rate coefficient to obtain a Nahar "DR rate coefficient" of 2.1×10 −12 cm 3 s −1 at 10 4 K. Cloudy uses mean DR rate coefficients for those species not covered by modern calculations, as described by Ali et al. (1991) . The mean for S 2+ is 1.5×10 −12 cm 3 s −1 at 10 4 K. Thus, our empirical total DR+RR rate coefficient is 50% larger at 10 4 K. The atomic calculations described below find values within the range indicated at the top of the figure.
Dielectronic Recombination Calculations for S 2+ Producing S +
The previous section has derived a S 2+ →S + benchmark DR rate coefficient of 3 × 10 −12 cm 3 s −1 ± 0.2 dex at 10 4 K. Here we describe the atomic physics aspects of the DR calculations, and quantify the present uncertainties at low temperature associated with low-lying, near-threshold resonances. The previously-derived rate coefficient is found to be within the rather large range of possible computed values. We use that derived benchmark to constrain our atomic model, and then compute a consistent DR rate coefficient for all temperatures.
The relevant DR and RR processes are as follows. An electron incident on the 3s 2 3p 2 ( 3 P 0 ) ground state of S 2+ can either directly recombine (i.e., via RR) into any final bound state 3s 2 3p 2 ( 3 P 0 )nl (3 ≤ n ≤ ∞) or it may first be captured into a particular resonance state that subsequently decays radiatively to a final bound state (DR):
We treat DR and RR independently and proceed to describe the wavefunctions of the initial S 2+ target states, the intermediate resonance states S + * * , and the final recombined states 3s 2 3l 1 3l 2 nl, where we consider all n i = 3 shell orbitals 3l i = {3s, 3p, 3d}. We perform all calculations using the atomic structure and collision code AUTOSTRUCTURE (Badnell 2011) , as applied to numerous DR (Badnell et al. 2003) and RR (Badnell 2006a) calculations.
As a means of perspective, we first show the available DR and RR rate coefficient data that was available prior to the present study in Figure 4 . A prominent high-temperature peak is present in all the DR results, due to the dipole core-excited contributions in Eq. 1, but there are minimal features seen at lower temperatures -essentially the RR contribution only here. (It is helpful to note that the R-matrix results of Nahar (1995) include by necessity the coherent contributions of DR and RR.)
Our theoretical treatment for improvement on the existing DR data begins by including relativistic effects to first-order via the Breit-Pauli Hamiltonian (the previous LS calculations of Badnell (1991) and Nahar (1995) shown in Fig. 4 were non-relativistic) and follows similar recent work on DR of the isoelectronic Fe 12+ (Badnell 2006b ) and the isonuclear S 3+ (Abdel-Naby et al. 2012) ions. As in Badnell (2006b) , the atomic basis used to describe the S 2+ target states consists of Thomas-Fermi orbitals {1s, 2s, 2p, 3s, 3p, 3d} with the same scaling argument λ = 1.13 for all orbitals, which was chosen so as to reproduce the fine-structure splitting of the 3s 2 3p 2 ( 3 P j ) levels as compared to NIST (see Table 3 ). Within this orbital basis, we include intra-shell correlation configurations, most importantly, those arising from 3s 2 → 3p 2 two-electron promotion, giving a target state configuration basis of {3s 2 3p 2 , 3s3p 3 , 3s 2 3p3d, 3s3p 2 3d, 3s 2 3d 2 , 3s3p3d 2 , 3s3d 3 , 3p 3 3d, 3p 2 3d 2 , 3p3d 3 }. By then performing a large-scale configuration-interaction calculation, including relativistic corrections to lowest order, we obtain the S 2+ target energies listed in Table 3 . While the present computed energies tend to align fairly well with the recommended NIST values, especially for the fine-structure-split states, we note theoretical energy overestimates of up to 0.05 Ryd for the higher-lying states. The dominant high-temperature DR rate coefficient is due to the core dipole transitions in Eq. 1, which are governed by the strongest core radiative rates, and so we list those in Table 4 . The computed rates agree to within ≈ 10% of the NIST values.
Having adequately represented the N-electron target states of S 2+ , we then describe the various states of S + taking part in Eq. 1 by a basis consisting of either a distorted-wave continuum ( l) or a valence orbital (nl) coupled to each of the S 2+ target configurations, plus the socalled (N + 1)-electron target-orbital basis: 3s 2 3p 3 , 3s 2 3p 2 3d, 3s 2 3p3d 2 , 3s3p 4 , 3s3p 3 3d, 3s3p 2 3d 2 , 3s 2 3d 3 , 3s3p3d 3 , 3p 5 , 3p 4 3d, and 3p 3 3d 2 (all N + 1 = 15 electrons occupy a target orbital nl = Table 4 : The three strongest radiative rates A r (×10 9 s −1 ) from dipole-core-excited states of S 2+ to the 3s 2 3p 2 ( 3 P 0 ) ground state.
Transition
Present NIST 3s3p 3 ( 3 S 1 ) → 3s 2 3p 2 ( 3 P 0 ) 1.82 1.60 3s 2 3p3d ( 3 P 1 ) → 3s 2 3p 2 ( 3 P 0 ) 3.51 3.87 3s 2 3p3d ( 3 D 1 ) → 3s 2 3p 2 ( 3 P 0 ) 7.27 6.93 {1s, 2s, 2p, 3s, 3p, 3d}). Many of these latter (N + 1)-electron configurations have strong capture and radiative rates, and also give rise to near-threshold bound or resonance states, so they may play an important part in the low-temperature DR process, as will be seen. Within this large basis set, DR cross sections and Maxwellian-averaged rate coefficients are then computed, and these initial results are depicted in Figure 5 . The upper panel shows the three strong ground core dipole-excited 3s3p 3 ( 3 S 1 )nl and 3s 2 3p3d( 3 P 1 & 3 D 1 )nl resonance series converging to their respective thresholds (≈ 1.25−1.35 Ryd, as indicated in Table 3 ). The second panel from the top focuses on the low-lying (N + 1)-electron resonances, in particular the strong 3s3p 3 3d( 4 D 7/2 ) state at 0.321 Ryd (see, also, Table 5 ). The third panel highlights the 3s 2 3p 2 ( 3 P 1,2 )nl spin-orbit-split series; these dominate the near-threshold energy region (as long as there are no strong low-lying (N + 1)-electron resonances). In the bottom panel, the resultant Maxwellian-averaged rate coefficient indicates that there is a large high-temperature peak due to the core dipole-excited series, and then a mild rise at low temperature due to the spin-orbit-split series near threshold.
It is apparent from Figure 5 that at the temperature of interest -10 4 K, corresponding to an electron energy of about 0.06 Ryd -the DR rate coefficient is determined by the sum of three contributions: 1) the lower-temperature tail of the large contribution from dipole-excited resonances, 2) the higher-temperature tail of the near-threshold spin-orbit-split resonances, and 3) the n = 3 (N + 1)-electron resonances, with uncertain resonance positions. We note that while contributions 1) and 2) are subject to suppression at finite densities, according to Nikolić et al. (2013) , contribution 3) is not.
Upon closer scrutiny of the energies of the (N + 1)-electron bound states and resonances, and by comparing to available NIST bound state data, it is found that our limited (for computational feasibility) atomic description results in a general overestimate of these latter energies. In Table 5, we list three prominent (N + 1)-electron S + bound state energies -for the 3s3p 4 ( 2 S 1/2 ), 3s3p 4 ( 2 P 3/2 ), and 3s3p 4 ( 2 P 1/2 ) states. Relative to the S 2+ 3s 2 3p 2 ( 3 P 0 ) threshold, corresponding to zero incident electron energy in the DR process, the theoretically-predicted energies are overestimated by ≈ 0.25 − 0.45 Ryd. Also listed in this table is the strong S + 3s3p 3 3d ( 4 D 7/2 ) resonance, which has a theoretically-predicted energy position of ≈ 0.32 Ryd (there are no available NIST or other data for this autoionizing energy position, to our knowledge). Given the overestimate of the corresponding bound (N + 1)-electron energies, it is reasonable to infer that the energy of this autoionizing resonance is likewise overestimated, and that the "true" resonance position should be closer to threshold; this suggests that the "true" DR rate coefficient at T = 10 4 K could be en-hanced by the presence of such a strong resonance, compared to a computed rate coefficient where the theoretical resonance position is at higher energy. More generally, we expect the entire manifold of (N + 1)-electron resonances to be positioned too high and so there may be similar contributions (DR enhancements) from a group of suitably re-positioned resonances.
To understand how the DR rate coefficient at T = 10 4 depends on the precise position of a strong resonance, consider that, for an isolated resonance, the rate coefficient is given by
where E i is the resonance position. For a given resonance strength, this contribution at T = 10 4 (kT ≈ 0.06 Ryd) increases as the resonance position approaches threshold. For example, the enhancement to the T = 10 4 rate coefficient by repositioning, or shifting, a single resonance from E i = 0.32 Ryd to E shif t i ≈ 0 is given by the factor e +E i /kT ≈ e 0.32/0.06 ≈ 200. This example illustrates how uncertainties in resonance positions can translate into rather large uncertainties in the low-temperature DR rate coefficient. (At higher temperatures, any energy uncertainty is small compared to kT so that there is far less sensitivity to the exact resonance position.) Table 5 : Energies (Ryd) of the S + ground state and selected (N + 1)-electron bound and resonance states, compared to the S 2+ ground state. The present theoretical energies for 3s-vacancy states, which are subject to relaxation effects, relative to the ground state of S 2+ , are overestimated by ≈ 0.2 − 0.4 Ryd., as highlighted in boldfaced font. 
Guided by our initial supposition that the computed low-lying resonance energy positions are overestimated, we wish to investigate the effect of resonance position uncertainties on the low-temperature DR rate coefficient by performing two new DR calculations in which the (N + 1)-electron resonance positions are shifted. In the first case, a global (N +1)-electron resonance shift of -0.32 Ryd was applied in order to realign the strongest S + 3s3p 3 3d ( 4 D 7/2 ) resonance to just above threshold (at +0.001 Ryd), thereby maximizing the resulting low-temperature rate coefficient. In the second case, a global shift of -0.157 Ryd was used, positioning instead that resonance at only 0.163 Ryd above threshold, but yielding a total DR rate coefficient of 3×10 −12 cm 3 /s at T = 10 4 K, consistent with the value derived in the previous section.
The computed DR rate coefficients are shown in Figure 6 for all three cases -ab initio (no shift), a shift of -0.32 Ryd, and a shift of -0.157 Ryd -and each case is further resolved by the various initial 3s 2 3p 2 ( 3 P j ) levels, with j = 0 corresponding to the ground state of S 2+ and j = 1, 2 being the first two spin-orbit-split excited states (see Table 3 ). At lower temperatures, in particular, at T = 10 4 K, the rate coefficient varies by about an order of magnitude between the ab initio results and the −0.32 Ryd shifted results. It should be noted, however, that the latter case corresponds to the optimal shift scenario in which the strongest resonance was positioned closest to threshold. Furthermore, this fortuitous positioning of the strong resonance just above the j = 0 ground state (therefore below the two j = 1 and j = 2 excited states) results in a larger enhancement in the ground-state rate coefficient compared to the excited-state rate coefficients. In such cases where the various j-resolved results differ significantly, an observation-based rate coefficient could be used in conjunction with the theoretically-predicted j variations to obtain density diagnostics.
The last case involved an intermediate scenario in which the (N + 1)-electron resonances were shifted by −0.157 Ryd. This particular shift was chosen so as to produce a statistically-averaged (over initial j levels) DR rate coefficient in line with the high-density limit (HDL) value of 3 × 10 −12 cm 3 /s derived earlier (see Table 6 , which lists the various DR and RR rate coefficients at T = 10 4 K). Thus we have bootstrapped our DR calculations, that were initially suspect due to uncertainties in the (N + 1)-electron resonance positions, by choosing a plausible shift of these resonances in order to reproduce a computed rate coefficient that agrees with the benchmark value at T = 10 4 K.
To extend the usefulness of this approach to other photoionized plasmas (e.g. over 10 3 −10 4 K), we need to examine the spread of any family of curves, corresponding to different shifts, say, but which pass through our point at 10 4 K. We do this in Figure 7 , for the ground level only now. Of particular note are the three curves, with shifts of -0.20, and -0.35 Ryd, plus our original -0.157 Ryd. While all three are consistent with our empirical value at 10 4 K, they show a rather broad variation away from this temperature, particularly at lower T . This is due to the fact that the increase at 10 4 K, over the unshifted result, is due to the contribution of several resonances. To reduce the present uncertainty for this ion away from 10 4 K we either need an observation at a Table 6 : Computed S 2+ DR and RR recombination rate coefficients (cm 3 s −1 ) evaluated at T = 10 4 K. The computed results are resolved by ground (j = 0) and metastable (j = 1 and j = 2) 3s 2 3p 2 ( 3 P j ) initial states. The computed statistical averages and the high-density limit (HDL) derived rate coefficients are also listed. j DR RR 0 3.08E-12 1.60E-12 1 2.82E-12 1.59E-12 2 2.98E-12 1.50E-12
Avg. 2.94E-12 1.54E-12 HDL 3.10E-12 1.54E-12 second (lower) temperature to enable us to fix the slope of theoretical rate coefficient, as well as its magnitude, or we need to carry-out a more extensive (N + 1)-electron structure calculation so as to try and reduce the uncertainty in position of this manifold of resonances, i.e., reduce the range of plausible energy shifts.
For all curves consistent with our empirical value, it is the n = 3 (N + 1)-electron resonances which dominate DR at the main temperatures of interest for photoionized plasma. As we have already noted, they should not be suppressed by density effects. The work of Nikolić et al. (2013) classifies the Si-like sequence as one for which DR suppression applies at/for all temperatures/resonances since it assumes that the fine-structure peak dominates at low temperatures. For the specific case of S 2+ , we re-classify it as an ion for which DR suppression is turned-off as the temperature drops below the high-temperature DR peak. Thus, we now use equation (14) of Nikolić et al. (2013) for S 2+ with = 1.3 Ryd (=17.7 eV in the units of (14)), this being representative of the dipole core-excitation energies which give rise to the high-temperature DR peak.
Absent any additional resonance information, experimental or from more converged atomic structure calculations, we choose the final model for computing the DR rate coefficients at all temperatures to be that resulting from a shift of −0.157 Ryd. For efficient use in modeling codes such as Cloudy, it can be fit by the expression
The DR fitting coefficients c i and E i for each j are listed in Table 7 and are accurate to better than 5% above T = 200 K. The total RR rate coefficient, which is fairly insensitive to the initial state j, can be fit by
and these coefficients are listed in Table 8 .
Discussion
The recombination rates recommended above have been adopted in the development version of Cloudy ) and will be used in the next release, now scheduled for early 2015. That version uses the general formula for DR suppression given by Nikolić et al. (2013) . As recommended here, we do not suppress S 2+ →S + DR at photoionized plasma temperatures. These updates have a moderate effect on the spectrum. Cloudy includes an extensive suite of test cases that are used to validate its performance. This includes Active Galactic Nuclei, planetary nebulae, H II regions, and other classes of object. These tests show that the largest changes occur for H II regions ionized This work was originally motivated by Henry et al. (2012) , who documented "a Curious Conundrum Regarding Sulfur Abundances in Planetary Nebulae". Uncertainties in the atomic database are a likely contributor to the conundrum. This pointed us towards the S 2+ →S + recombination rate, the only ion lacking modern DR calculations (e.g. missing from http://amdpp.phys.strath.ac.uk/tamoc/DR/). The revised DR rate derived here does not resolve the conundrum. We can only speculate as to its origin, but the ion state of S in an H II region, mainly single and doubly ionized, is lower than in a planetary nebula, with its hotter central star ionizing S to higher levels. The stellar SED was a major concern in the present study, and it seems likely that the SED for a planetary nebula nucleus might play a significant role in resolving the conundrum.
Conclusion
This paper suggests a way to make progress in solving the vexing and long-standing problem of finding good DR rates for the range of ions seen in astronomical observations. An observational program, combined with spectral modeling and a parallel effort in atomic theory, could make real progress in deriving DR rates for third and fourth row elements with well defined uncertainties. The elements of this program include the following:
Bootstrapping from astronomical observations of second-row elements. Section 2 outlined a novel method in which spectral models are used to match spectra produced by second-row elements, with good atomic data, to infer the rate for an ion on the third row. The key is that observations detect second-row ions which have a wider range of ionization potential than the species with the unknown rate. Section 3 shows that atomic theory can accommodate the empirical rate, and we illustrated the uncertainty which remains as we move away from the matching temperature. We concluded with a fit that can be used over all temperatures of physical interest. This procedure could be carried out for other species with adequate observations.
Insights from density dependencies. Astronomical observations of objects covering a range of densities can provide additional insights to the atomic structure. In the recombination process considered here the parent ion, S 2+ , has a 3 P ground term. Our final fit to the DR rate predicts similar rate coefficients for the three j = 0, 1, 2 levels within the ground term (Table 4 ), but this is not the case for results from other assumed atomic structures. Figure 6 shows that some predict a strong dependency on j. In those cases the total recombination rate will depend on the population of each j level, which in turn depends on the electron density. So the recombination rate would have a strong density dependence if that structure was the correct one. Observations of nebulae that cover a range of densities could check whether this is the case, and could, absent the observations needed for the previous test, decide which curve in Figure 6 matches the observations. DR and RR rate coefficients, including the breakdown of DR from the 3s 2 3p 2 ( 3 P j ) ground (j = 0, solid) and metastable (j = 1, long-dashed) and (j = 2, shortdashed) levels. The red curve indicates the ab initio calculations, where the strong 3s3p 3 3d( 4 D 7/2 ) resonance is positioned at 0.321 Ryd above threshold. The blue curve corresponds to an empirical shift of all n = 3 (N + 1)-electron resonances by -0.32 Ryd so as to reposition the 3s3p 3 3d( 4 D 7/2 ) resonances just above the j = 0 ground state threshold, giving a maximum j = 0 low-temperature rate coefficient. The green curve represents an artificial shift somewhere in between (-0.157 Ryd) which yields a statistically-averaged rate coefficient at T = 10 4 K (see Table 6 ) consistent with the Cloudy deduced value (black asterisk) of 3 × 10 −12 cm 3 /s. Also shown are the present RR results (cyan curve) and an estimate of the DR contribution from Nahar (1995) (magenta curve). 
